INTRODUCTION
studied in some detail [2] , the antimicrobial activity of the newly induced hydrolases has not yet been examined closely. The antifungal activity of plant chitinases [4, 5] and of combinations o[ plant chitinase and B-1,3-glucanase [6] have been demonstrated in bioassays with fungi growing on agar plates, using enzymes pipetted into holes [4] or onto paper discs [6] to produce inhibition zones, or with fungi growing in liquid culture, using microscopical measurements of hyphal length [5] . These bioassays are simple and visually attractive but difficult to quantitate [4, 6] and labour-intensive [5] . Therefore. we developed a new technique, making use of the possibility of following fungal growth spectrophotometrieally in microtitre plates. A similar assay has been developed independently by Broekaert et ak [7] .
Active biochemical defense of piants against microorganisms, summarized in [1] , includes the accumulation of secondary metabol[tes, so-called phytoalexins [2] , and of hydrolytic enzymes directed against microbial cell walls [3] . While the antibiotic potential of phytoalexins has been
Correspondence to: A. Ludwig, Botanisch~ inslitut dec UniversilS, t Basel, Hehelstrasse l, CH-4056 Basel, Switzerland.
MATERIALS AND METHODS

Fungi
The following fungi of the collection of the Botanical Institute of.the University of Basel were used: Aspergillus roger (D5). Neetria haematococca (SPILL Penicillium digitatum (D10), and Trwhoderma t, iride (SA23). Fungi were grown on V8 agar (200 ml V8 juice from Campell's Soups 03"/8-109"//90/$03.50 ~3 1990 Federation of European Microbiological Socicli~ Spa, Italy, 2 g CaCO3, 15 g agar, and 800 ml water) for spore production. Spores were harvested in water and used immediately or stored in the dark at 20°C for up to 18 h. They were transferred to a growth medium containing, in 500 trd distilled water, 15 g glucose, 2.5 g asparagine, 0.05 g yeast extract, 0.25 g MgSO4-7H20 , 0.78 g KH2PO 4 and 0.43 g KCI and adjusted to pH 7.0 with KOH for pregermination.
Plant proteins
Protein extracts were prepared from young pea pods (Pisam sativum L., cv. Dunkelgriine Markerbse, kindly provided by Ditzler AG, Mghlin, Switzerland), either of healthy tissue or of material incubated with spores of Fusarium solani for 48 h [8] . Proteins were extracted in 0.1 M citrate (Na +) buffer, pH 5.0, precipitated at 0ec with ammonium sulfate (95% saturation), redissolved in water, dialyzed extensively against water, and lyophilized. Chitinase and tg-l,3-glucanase were purified essentially according to Mauch et al. [8] , using SDS-PAGE to check their purity. Protcin concentrations and enzyme activities were determined as described [8] . Concentrations of extracts are presented as multiples of the apparent concentration in tissue, normalized for their chitinase and/~-l,3-gIucanase content (equating 1 g fresh weight with 1 m[ enzyme solution). At 1 × concentration, the 'low-hydrolase' extract from healthy pea pods contained 4.7 pkat//tl chitinas¢ and 29 pkat/p,i D-1,3-glucanase; the 'high-hydro. lase' extract from pods infected with Fusarium solani contained 93 pkat/~tl chitinase and 228 pkat//d ~-l,3-glucanase; both extracts contained 0.6 ~g//~l protein.
Microtitre plate bioassay
In the standard bioassay, spores of Nectria haematococca (SP 11) were harvested, counted in a hematocytometer using two replicate samples (mean variation ca. 10~), and pregerminated for 2 h in growth medium. They were added to wells of mierotitre plates (96-well-plates from Falcon) to yield a final concentration of approximately 500 spores/td in a final volume of 90 ~l, containing 10 #! growth medium as used for pregermination, 20 mM MES (Na+), pH 5.5, and ezymes and lest substances. Each assay was prepared in four parallels, permitting a maximal number of 24 experiments per plate. The mixtures were equilibrated in the wells for 2 h at 20°C before the first absorbance reading was taken.
The plates were further incubated at 20 oC, and absorbanc¢ was measured at ,*05 nm at intervals, using a program scanning and averaging five successive points per well (Anthos microplate reader, Type 2001). The results were presented either as change in absorbance with time, starting 2 h after inoculation of the wells, or as the difference in absorbance found between 2 h and 12 h after inoculation.
4. Microscopy
Germinating spores were either directly examined and photographed in the wells of the microtitre plate with a stereo microscope, Type Wild MS, at 50 fold magnification, or put on slides and observed under a light microscope (Leitz, Dialux 22EB), at 250 fold magnification. Photomicrographs el" the hyphal mats in the microtitre plate were arranged into a scqu¢ac¢ of increasing hyphal density for comparison with the corresportding absorbance readings.
RESULTS
Uae of absorbance to monitor fungal growth
Absorbance (turbidity) is frequently used as a parameter to measure growth of microorganisms. The possibility of using absorbance readings to measure growth of filamentous fungi was examined with pregcrminaled spores of Nectria haematococca, incubated without further additions or with protein extracts from pea pods (Fig. 1) . The absorbance measured after equilibration of the pregerminated spores with the incubation medium in the wells was set to zero, and changes in absorbance were monitored for 48 h. The control spore preparation displayed an almost linear increase in absorbance throughout the experiment after a lag phase of about 3 h. Similar curves were obtained for spores incubated in the presence of 1 × or 2× concentrated low-hydrolase extract from uninfected . In contrast, a high-hydrolase extract oblained from pea pods after infection with Fusa, um solani, assayed under the same conditions, caused a transient reduction of the increase in absorbance, primarily between 3 and 12 h after beginning of the measurements. Thereafter, the absorbance increased in a similar way to the controls but at a somewhat slower rate. Indeed, microscopical examination indicated that hyphal growth resumed after the initial inhibition. These data show that absorbance readings can serve as a sensitive indicator of fungal growth.
Optimization of the bioassay
Preliminary experiments indicated that the reproducibility of the absorbance measurements using parallel assay plates was excellent. The mean standard deviation of 96 parallel data points was less than 5% for readings 1-2 h after equilibration, and less than 2% for later time points (data not shown).
Several assay parameter,~ were tested using controls without enzyme and assays with 0.5 × concentrated hi3h-hydrolase extract in an attempt to find optimal conditions for the bioassay (Fig. 2) . In the experiments displayed in Fig. 2 , growth was always also followed optically, using a stereo microscope at 50 x magnification. Hyphal density was visually assessed by arranging microphoto, graphs of hyphal mats at different stages after different treatments in ten classes in order of increasing hyphal density. The hyphal density classes obtained by this microscopical evaluation matched wel] with the corresponding optical densities measured in the microtitre plate reader up to a measured absorbance value of 0.700 (da(a not shown). (Samples with higher absorbance readings all fell in hyphal density class ten.)
To study the influence of temperature, the microtitre plate cultures along with the microtitre between 20 and 27°C and were strongly inhibited by the high-hydrolase extract ( Fig. 2A) . A temperature of 20 °C was routinely used in further assays.
The influence of nutrient concentration was examined by varying the amount of growth medium in the assay (total volume: 90 FI) between 5 and 40 F1 (Fig. 2B) . The increase in absorbance was similar for all nutrient concentrations during the first twelve hours of the assay. The inMbitory effect of the high-hydrolase extract was expressed more strongly at low nutrient concentrations. Routinely, 10 #1 of growth medium were used in a final volume of 90 #1 in the further assays.
Different spore concentrations were examined in a further set of experiments (Fig. 2C) . The increase in absorbance was proportional to spore concentrations between 100 and 500 spores/#l. Thus, growth was independent of spore density in this range. At higher spore densities, the increase in absorbance reached a plateau, indicating that growth per spore was reduced. The inhibitory effect of the high-hydrolase extract could be observed throughout the range of spore concentrations tested. A concentration of 500 spores/#l was chosen routinely for further experiments.
The effect of medium pH was also studied (Fig.  2D) . As judged from the absorbanee, the fungus grew well between pH 3.5 and 9. The inhibitory effect of the high-hydrolase extract was best expressed between pH 4 and 6. Routinely, the assay was performed with MES(Na +) buffer at pH 5,5.
Test of the bioassay with different protein preparations
The effect of various protein solutions on funagl growth was studied (Table 1 ). The inhibitory activity of the high-hydrolase extract was abolished by boiling (100 o C, 15 rain). Bovine serum albumin at 300 ppm was slightly stimulatory, and ovalbumin at 300 ppm had no effect on growth, Cytochrome c, at 300 ppm, had a considerable inhibitory effect, probably due to the polycationie nature of cytochrome c [9] .
Purified ehitinase of purified B-1,3-glucanase alone, at the same activity as in the high-hydrolase extract, had little effect on fungal growth (Fig. 3 , as expected from previous work [6] . in contrast, appropriate combinations of chitinase and fl-l,3- glucanase strongly inhibited growth of Nectria haematococca (Fig. 3) .
Test of the bioassay with different fungi
The effect of crude plant protein extracts was tested with a series of saprophytic and potentially pathogenic fungi (Table 2) . A Iow-hydrolase extract from healthy pea pods had no effect on Nectria hematocoeea and was somewhat stimulatory for Aspergillus niger, Triehoderma viride, and Penicillium digitatum. All four fungi tested, which all have chitin-glucan cell walls, were strongly inhibited by the high.hydrolase extract from infected pea pods.
DISCUSSION
The present work complements a parallel study of Broekaert et al. [7] who independently developed a similar bioassay to examine fungal growth inhibition. They found an excellent correlation between absorbance and dry weight measurements and evaluated the bioassay by studying growth inhibition by two model fungicides, nystatin and benzoate. We now report the use of absorbance measurements with the microtitre plate reader to examine inhibitory effects of plant proteins on hmgal growth.
Our data, like those of Broekaert et al. [7] , indicate that absorbance measurements are a sensitive and highly reproducible indicator of fungal growth. This bioassay has several advantages cornpared with tile assays used previously [4] [5] [6] . Firstly, it is highly reproducible and can be evaluated by semi-automated techniques. This makes it an assay of choice to study synergistic activities of different components of biological samples. Seeondly, the concentration of inhibitory proteins remains constant throughout the duration of the assay, in contrast to the agar plate assays where the proteins are rapidly diluted by diffusion. Thirdly. only small amounts of fungal spores and proteins are consumed in the assay.
As expected from our earlier study [6] , crude plant protein extracts with high concentrations of chitinase and .8-13-ghicanase caused an inhibition of growth of various fungi. Corresponding crude protein extracts containing low concentrations of chitinase and fl-l,3-giucanase were not inhibitory. In accordance with our previous work [6] , purified chitinase and .8-1.3-giucanase alone did not inhibit growth of Nectria haemalococz'a. Combinations of chitinase and .8-1,3-glucanase were required, to inhibit growth of this fungus. Combinations of the purified enzymes were only about 50,~ as efficient in reducing fungal growth as were crude protein extracts with the same activities of chitinase and .8-1,3-glucanase. Combinations of purified chitinase and B-1,3-glucanase with the low-hydrolase extract from uninfected pea pods were also less efficient than the corresponding extract from infected pods (data not shown), The results indicate that other proteins induced by pathogen infection contribute to the inhibition by the ' high-hydrolase' extracts.
it is interesting that the crude protein preparations from infected pea pods as well as the combinations of purified chitinase and fl-l,3-glucanase produced only a transient reduction of growth of Nectria hematococca (Fig. 1 ) and of the three other fungi presented in Table 2 (data not shown). Growth inhibition appear3 to be due to tip lysis of the growing hyphae [5, 6] . Apparently, the fungi have the capacity to adapt to the presence of the inhibitory proteins and to resume growth. This is more obvious in the present bioassay than in the afar plate assay used previously, where inhibition zones usually remained visible for days [6] . The inhibition of fungal growth by the anlifungat hydrolases may be important in plant-pathogen interactions despite its transient nalure since it may gain lime for the development of other lines of defense, and since it may act synergistically with these defenses. The assay described here may be used to further evaluate synergistic activities of different defenses in vilro.
